We report stable high-power (100 W level), narrow linewidth (<100 pm) continuous wave output from a double clad fiber laser incorporating a point-by-point fiberBragg grating inscribed into the active core with 800 nm femtosecond radiation.
Background:
Recently, a revision of the point-by-point (PBP) technique to inscribe FBGs in standard telecom fibers was reported [2] . The approach utilized a femtosecond laser pulse to modify the refractive index in a small area within the core of a fiber [3] and, by synchronizing the translation of the fiber with the repetition rate of the femtosecond laser, highly reflecting narrow band gratings with good thermal properties can be fabricated at various wavelengths [4] . These FBGs have polarization-dependent characteristics [5] and were used to initially produce a distributed feedback Er 3+ :Yb 3+ -codoped fiber laser with a 0.2 mW narrowband output [6] . More recently, we inscribed a PBP FBG into the active core of a double clad Ytterbium doped fiber laser, whereby we realized a 5 W narrow linewidth (<15 pm) laser [7] . The output power and laser linewidth of the fiber laser exhibited completely stable output over a 4 hour period, thus indicating that further scaling into high power applications was feasible.
In this contribution we carry on this work by presenting high power continuous wave (CW) Yb 3+ -doped double-clad fiber lasers operating at 1097 nm that utilize FBGs inscribed directly into the active core using the point-by-point (PBP) grating writing technique. Other than some initial annealing of the grating strength that reduced the output power by ~5%; we observed stable output of the laser in both power and linewidth for the duration of a 10 hour experiment with a nominal output of 50 W. Power scaling to 100 W was also demonstrated.
Experiment:
The experimental arrangement is shown in Fig. 1 . Two fiber lasers were prepared using Yb 3+ -doped silica fiber (Optical Fibre Technology Centre, University of Sydney) with an 8-µm core diameter, an Yb 3+ -ion concentration of 7400 ± 800 ppm and a peak in absorption at 979 nm. The fiber had a hexagonally shaped pump core with a 300 μm corner-to-corner separation. In the fabrication of the FBGs, the fibers were mounted on a high-precision air bearing translation stage, the outer polymer cladding stripped and the femtosecond laser pulses were focused through the pump core into the active core using a 0.8 NA, 20X oil immersion objective lens. The inscribing pulses had a <120 fs pulse duration, a 1 kHz repetition rate and a pulse energy of 220 nJ, provided by a regeneratively amplified Ti:Sapphire laser operating at 800 nm. The resulting damage spots were cylindrical in nature. The FBGs, which acted as the highly reflecting mirrors, were 15 mm long and had a period of 1.13 μm, which corresponds to a third-order grating for 1097 nm light. Fresnel reflection at the cleaved endface of the fibres at the output end completed the cavity. A dichroic mirror filtered out the remaining unabsorbed pump. The two 23.5 m long fibers were pumped using a focused 250 W stacked diode laser array system with an NA of 0.4. The pump wavelength varied from 974 nm at low power to 977 nm at high pump powers with a bandwidth of ~ 5 nm. The launch efficiency into the fiber was ~ 66%. The output power measured as a function of launched power for fiber laser 1 is shown in Fig. 2 . The fibre length was optimized to 23.5 m for an operating wavelength of 1097 nm and the maximum-recorded output power was 100.3 W, limited by available pump light. There were no indications of output saturation or stimulated Brillouin scattering (SBS), which could limit the potential for further power scaling. Comparable results between slope efficiencies of the fiber laser using the Bragg grating or a high reflecting dichroic mirror as cavity elements (59% vs 58% with respect to the launched pump power) leads to the conclusion that the grating reflection strength in the cavity was >17dB. The relatively low slope efficiency of the laser is mainly attributed to the broad band output of the laser diode and the variable pump wavelength. The laser linewidth was 100 pm (25 GHz) at an output power of 50 W, as shown in the inset to Fig. 2 . As a result of the thermo-optic increase of the effective refractive index of the mode at the grating, the centre wavelength of the laser was observed to shift toward longer wavelengths as a function of pump power. Above 10 W output power the spectral line was still a narrow Gaussian, but the centre wavelength was very unstable and fluctuated over a 2 nm range. This effect was attributed to fluctuations in the air-temperature around the grating region due to turbulence. Consequently, the laser wavelength stability was improved markedly by cooling the FBG with a fan. Above 50W output power, additional thermal effects were noted. Spectral sidelobes of variable strength and wavelength separation moved back and forth across the laser line over the duration of several seconds rendering large error-bars in the bandwidth measurements. These effects were also attributed to insufficient cooling, but could not be addressed as straightforwardly as the grating region was stripped of its low-index polymer and could not be touched by cooling blocks. Figure 3 shows full width halfmaximum (FWHM) linewidths for fiber laser 1 and 2 as a function of pump power. The laser linewidth of the 100 W laser (fiber laser 1) increases erratically with pump power while the linewidth of the 25 W laser (fiber laser 2) increases linearly. Longitudinally varying overlap integrals between the individual gratings and the laser mode due to misalignments during the FBG writing process is attributed to cause the laser linewidth of the 100 W laser system to deviate from the narrow line linear relationship. The spectral broadening of the linewidth in the 25W laser (linear slope of 1.31 pm/W and an initial offset of 13.7 pm) is attributed to an exponentially decaying thermal gradient along the spatial length of the grating that is produced by absorption of the intracavity laser light due to grating writing induced photodarkening. Figure 4 shows the stability at a laser output power level of 50 W (in fiber laser 1), with fan-forced cooling of the FBG, over a 10-hour period. The saw-tooth feature observed in the output relates to the cooling cycle of the diode laser system. The experiment was interrupted after 8 hour for a realignment of the launch-light. It can be observed that the overall output power decreased ~5% from 50 W over the course of the 10 hrs. It appears as if the decay rate of the laser power levels off, however, since the device was sensitive to drift in the pump coupling, definitive predictions cannot be given. Nevertheless, the reduction in the output power is believed to be due to self annealing of the grating as a result of exposure to the high (>10 MW/cm 2 ) intra-core irradiances, which is subjected to re-absorption by the Yb 3+ -ions. 
Conclusion:
In conclusion, we have demonstrated power scaling to the 100 W level of an Yb 3+ -doped silica fiber laser that utilizes a fibre Bragg grating (FBG) inscribed by the point-by-point (PBP) technique. We have shown that PBP written FBG's are robust and can withstand the high light-intensities present in high power fiber lasers. Minimal fluctuation of the bandwidth and output power was observed with fan-forced temperature stabilization of the FBG. The PBP approach offers convenient fabrication of FBGs that are well suited to high power, narrow linewidth fiber lasers.
